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ABSTRACT
In this paper we pose the question where the source regions of the aerosol which occurs
in the European Arctic are located. Long-term aerosol optical depth (AOD) data from
Ny-A˚lesund and Sodankyla¨ as well as short data from a campaign on a Russian drifting
station were analysed by air backtrajectories, analysis of the general circulation pattern
and a correlation to chemical composition from in-situ measurements. Surprisingly
our data clearly shows that direct transport of pollutants from Europe does not play
an important role. Instead, Arctic haze in Ny-A˚lesund has been found for air masses
from the Eastern Arctic, while events with increased AOD but chemically more diverse
composition have been found for air from Siberia or the central Arctic. Moreover, the
AOD in Ny-A˚lesund does not depend on the North Atlantic Oszillation (NAO). Hence,
either the pollution pathways of aerosol are more complex or aerosol is significantly
altered by clouds.
1 Introduction
The Arctic is climatologically a very sensitive region,
where temperature increase was larger during the 20th cen-
tury than compared to mid-latitudes (“Arctic amplifica-
tion”). This holds true especially for springtime (Solomon
et al., 2007), as an earlier onset of the melting season in-
creases the snow-albedo feedback (Hall and Qu, 2006). Dur-
ing last years a strong decrease in Arctic sea ice was no-
ticed. The September cover seems to retreat by -12.4 % per
decade (Stroeve et al., 2012) which further enhances the near
surface temperature (Screen and Simmonds, 2010). Such a
retreat in sea ice has a potential impact on large scale circu-
lation by supporting negative phases of the North Atlantic
Circulation (NAO) as shown recently e.g. in Jaiser et al.
(2012).
Aerosols influence the Arctic radiation budget in many
ways. Directly they can scatter and absorb sunlight (“dim-
ming”) or, by deposition on the ground, lead to a decrease in
albedo (“darkening”). Estimation of the net aerosol forcing
is extremely difficult in the Arctic, as next to the sparse-
ness of observational data also the strongly varying light
conditions and the albedo in the run of the year have to
be considered. Currently Stone et al. (2013) concluded that
aerosol should contribute to a significant net surface cooling
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during the annual cycle. Of course the spatial distribution of
aerosol is needed to assess the radiative effect. On the other
hand our knowledge of precise microphysical properties of
Arctic aerosols (size distribution, shape, index of refraction)
is still limited. While the phenomenon of Arctic Haze for
accumulation mode particles mainly consisting of sulphates
and soot is known for many years (Shaw, 1995; Quinn et al.,
2007), recently also biomass burning was found to be one
of the important sourses of Arctic air pollution (Warneke
et al., 2009; Stock et al., 2011) even in early spring.
Numerous studies are already related to the pollution
pathways into the Arctic. The concept of the Polar-dome (or
Arctic-dome) was introduced by Carlson (1981) and Iversen
(1984) when trajectories of constant potential temperature
form closed dome-like loops around the North pole. Air flows
generally follow trajectories of constant potential tempera-
tures, except for winter when diabatic cooling of air over
cold surfaces occurs. Hence, already Shaw (1983) gave long
range transport from Eurasia as main source for Arctic Haze
and this picture was extended and refined all over the years
(Stohl, 2006). Eckhardt et al. (2003) showed, using FLEX-
PART dispersion model (Stohl et al., 1998) and ECMWF
re-analysis data (Gibson et al., 1999) that transport into
the Arctic is facilitated at positive NAO phase. Especially
tracers from Europe penetrate into the Arctic within 8-10
days at positive NAO phase. Eneroth et al. (2003) also used
ECMWF data and clustered air backtrajectories arriving at
Ny-A˚lesund, Svalbard and found higher carbon dioxide val-
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ues for air from Europe. Similarly, Fisher et al. (2010) were
able to connect air with increased carbon monoxide con-
centration to backtrajectories from polluted sites in Europe
and Asia from aircraft measurements. Rozwadowska et al.
(2010) performed a cluster analysis of air backtrajectories
over Spitsbergen and found indeed higher AOD for air from
Eurasia.
From these studies one might think that air flow into
the Arctic is reasonably well understood and that aerosols
might directly follow the air trajectories. However, already
Stock et al. (2011) reported higher AOD values over the
more remote Russian drifting station NP-35 than over Ny-
A˚lesund. Moreover, Toledano et al. (2012) gave an overview
of sun photometer measurements at different Arctic sites.
They found that the typical springtime aerosol load ex-
pressed in monthly means of AOD was larger at sites on
Svalbard than on mainland Scandinavia. Hence from their
data it can already be assumed that the Arctic Haze phe-
nomenon is only subtle over the European mainland. This
poses already some doubts whether the above mentioned
transport pathways can directly be applied to aerosol which
is detectable by optical methods. For this reason we present
in this work AOD time series and combined them to both,
air backtrajectories and an EOF (empirical orthogonal func-
tions) analysis of surface pressure. The scope of this work
is to find out whether the omnipresent aerosol in the Arctic
do follow the above mentioned “classical” transport routes.
Apparently there is no doubt that direct transport of
polluted air from central Europe into the Arctic has been
observed so far, see quotes here and in section 2.1. Also
volcanic aerosol has been clearly identified in the Arctic (e.g.
O’Neill (2012); Hoffmann et al. (2010)). For this reason few
aerosol events that can be clearly assigned to a source have
been omitted from this study. Nevertheless we will not only
speak about background aerosol but also on hazy conditions
with increased or even high AOD.
In this paper we present results from sun photometer
measurements, mainly from Ny-A˚lesund, but also from So-
dankyla¨ and the Russian drifting station NP-35 with obser-
vations from spring 2008 and compared the aerosol optical
depth (AOD) with a cluster analysis of air backtrajecto-
ries (section 4), with an analysis of empirical orthogonal
functions (EOF) of surface pressure (section 5) and corre-
late AOD to trace gas measurements (section 6). By this we
want to demonstrate the difficulties to connect the measured
Arctic AOD with unique source regions.
2 Instrumentation and Measurements
Three types of sun photometer (SP1A, SP2H, PFR)
were operated at three locations (Ny-A˚lesund, Sodankyla¨,
NP-35, see Figure 1). They all differed in the number of em-
ployed interference filters (see Table 1). At least the SP1A
and the PFR participated at an Arctic intercomparison ex-
periment (Mazzola et al., 2012). For all data sets a cloud
screening has been performed.
The aerosol optical depth τ is calculated based on the
Lambert–Beer law:
I = I0 · e−m·τext (1)
where I is the direct solar signal at the ground, I0 the ex-
traterrestrial signal of the instrument and m the optical air
mass. The equation (1) is modified based on the WMO rec-




K·I(λ) −mR · τR(λ)−mG · τG(λ)
mA
(2)
The contributions of aerosol (A), absorbing gases (G) and
molecules (R) were separated, also the Sun-Earth distance
(K) is corrected. In general the estimated uncertainty of
τ500nm is 0.01–0.02 (Stock, 2010).
Besides τ500nm the A˚ngstro¨m coefficient α is calculated from
the regression line ln τA(λ) = lnβ + (−α) · lnλ. For this re-
gression were taken all available wavelengths not contami-
nated by any error signal.
2.1 Ny-A˚lesund
The sun photometer measurements started in 1991 in
the new established German research station AWIPEV (for-
merly “Koldewey”) in Ny-A˚lesund (78.9 °N, 11.9 °E, referred
as Ny-A˚lesund). Due to the eruption of the Pinatubo in
the same year we only consider sun photometer measure-
ments after 1995 here (Herber et al., 2002). Also we clear
events of direct pollution from Europe, classical Arctic Haze
from March 2000 (Yamanouchi et al., 2005) and March 2008
(Stock et al., 2011), two events of biomass burning - one
event in July 2004 (Stohl et al., 2006), and second one in
May 2006 (Stohl et al., 2007) - as well as one case of strato-
spheric aerosol caused by the Kasatochi volcano in August
2008 (Hoffmann et al., 2010). In total AOD data from 16
days out of total 412 days have been removed. We are aware
that by omitting these events the influence of pollution from
Europe and Siberia will be decreased, however we believe
that this reduced data set is much more representative to the
typical conditions in the Arctic. The remaining period 1995–
2008 includes a total number of 65693 minutes of measure-
ments. The used sun photometer types are SP2H and SP1A
produced by Dr. Schulz und Partner GmbH, Germany.
2.2 Sodankyla¨
The facility of the Arctic Research Centre (67.37 °N,
26.65 °O, 190 m a.s.l.) in Sodankyla¨ is part of Finnish Mete-
orological Institute Arctic Research Division. The research
conducted there ranges from polar ozone and arctic snow
coverage under the influence of global warming to the auro-
ral observations. This boreal zone station is situated around
100 km north of polar circle and is surrounded by pine forest.
Sun photometer measurements there have been conducted
since summer 2004 with PFR (Precision Filter Radiometer,
Physikalisch-Meteorologisches Observatorium Davos/World
Radiation Center, Switzerland). The used data set encom-
passes measurements from 2004 till 2007 with a total number
of 30904 1-min measurements.
2.3 NP-35
From September 2007 until April 2008 our colleague
Ju¨rgen Gra¨ser participated at 35th North Pole drifting sta-
tion (NP-35) and operated among others a sun photometer,
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type SP1A. The sun photometer measurements were taken
between the period 14 March and 7 April, 2008 and provided
in total a number of 430 minutes of measurements. During
that time NP 35 drifted from 56.7 °E to 42.0 °E and 85.5 °N
to 84.2 °N (see Figure 1).
3 Methods
3.1 Trajectory calculation and cluster analysis
For the identification of aerosol source regions 5-day
backward trajectories were calculated with PEP-Tracer
(Pole-Equator-Pole Tracer, Orgis et al. (2009)). On the basis
of the operational ECMWF three-dimensional wind fields
ensembles of 1000 backward trajectories starting from an
area of 25x25 km2 around Ny-A˚lesund, Sodankyla¨ and NP-
35 every six hours (00, 06, 12 and 18 UTC) were deter-
mined. As starting heights the standard pressure levels of
850, 700 and 500 hPa were chosen, assuming that they rep-
resent boundary layer, as well as lower free and upper tropo-
sphere. For each ensemble a mean trajectory was calculated
and allocated to the measurements in the following way: for
the start time X of each trajectory all measurements were
allocated in the time range -3h < X < +2h.
We used only one total run time, which was 120 hours.
Stock et al. (2011) have shown that sparse data in the Arctic
hinders a trustful calculation beyond this period indepen-
dent of the used meteorological data set. Typically, after 5
days the spread was about 300 km and 20 hPa horizontally
and vertically for the 850 hPa trajectories and even larger
for the higher ones (due to increasing wind speed with al-
titude). Hence, a clear classification would not have been
possible with longer backtrajectories.
The clustering of the trajectories was performed using
the non-hierarchical method k-means (MacQueen, 1967). In
a first step k points (k- number of clusters) were randomly
selected and used as reference center. Thereafter every k-
point was allocated to the nearest point (distance minimiza-
tion) and a new reference center were determined. This pro-
cess was repeated until all points were allocated to a refer-
ence point. Because of the randomly selected start points,
the process was run 20 times and the run with the lowest
overall distance was chosen.
Trajectories of all heights were clustered in one step.
This is necessary, because the measured AOD is a column
value and it is not known at which height the aerosol was
transported. Only if all heights of a start time were allocated
to the same cluster, the measured AOD was assigned to this
cluster. This approach guarantees a well-defined determina-
tion of the aerosol source region.
Before the cluster analysis can be applied, the number of
clusters k has to be selected for each station separately. The
minimum number of k was determined on the basis of total
spatial variance (Stunder, 1996; Dorling et al., 1992). The
maximum number of clusters can be derived by comparing
the horizontal spread of the trajectories to the distances
of the derived cluster centers. For our data set 8 clusters
for Ny-A˚lesund, 6 for Sodankyla¨ and 4 for the NP-35 were
optimal.
3.2 Empirical orthogonal function method
To see whether a connection between AOD and the
large-scale circulation patterns exists, the empirical or-
thogonal function (EOF) analysis have been used (e.g.,
Preisendorfer, 1988; Hannachi et al., 2007). By applying
EOF-analysis to a climate field it is possible to find the most
important patterns explaining the variability of that field
and to represent the data field compactly in terms of EOFs.
By applying an EOF analysis the anomaly field ~Z′(j, t) of a






Here ~e′j , (j = 1, ..., J) are the empirical orthogonal func-
tions (EOF) which represents the spatial patterns. The time-
dependent amplitude α′j(t) of ~e′j is called the jth principal
component (PC) of the time-series. The EOFs are the eigen-
vectors ~e′j of the covariance matrix of the field ~Z′. The cor-
responding eigenvalues are proportional to the amount of
variance explained by each eigenvector. Before calculating
the covariance matrix, equal-area weighting is ensured by
multiplying the fields with the square root of the cosine of
latitude. All EOF patterns are re-normalised by the square
root of the corresponding eigenvalues. Thus, the correspond-
ing PC time-series αj(t) are standardised (cf. von Storch
and Zwiers, 2001).
By means of the EOF analysis, information about the
spatial structure of the most dominant variability patterns
(in terms of EOF-vectors) as well as about the temporal
evolution of the teleconnection patterns (in terms of PC-
time series) is obtained. Thus, the first EOF explains most
of the variance of the data field.
To analyse the link between atmospheric circulation
pattern and measured AOD over the Arctic, here we cal-
culated the variability of the large-scale circulation in the
lower to middle troposphere north of 50oN. Therefore, we
applied the EOF-analysis to the fields of monthly and daily
averages of the 6-hourly fields of mean sea-level pressure
and geopotential height at 850, 700 and 500hPa for the win-
ter season (DJF) and to the spring month March and April
from 1995-2008 (daily means). All these data fields are pro-
vided from the ECMWF ERA-40 reanalysis ((Uppala et al.,
2005)).
The physical interpretation of the atmospheric pat-
tern found with the EOF has to be done carefully, because
the EOF is a strictly mathematical analysis method (Dom-
menget and Latif, 2002) and must not necessarily represent
physical quantities. However, later we will show that we find
a pattern similar to the NAO as the most important EOF
for the winter months.
4 Trajectory analysis
4.1 Ny-A˚lesund
Due to the constrain that the trajectories of all 3 anal-
ysed heights had to belong to the same cluster, 322 (out of
1375) trajectories had been included in this study. The re-
sults of the clustering are shown in Figure 2 and Figure 3. In
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Figure 2 the trajectory groups of all three heights are drawn
in different colors. In Figure 3 the group means of τ500nm
and α, including their standard deviation, and the number
of allocated hourly means are plotted. Three seasons were
distinguished:
spring (red) - March, April, May,
summer (green) - June, July,
autumn (blue) - August, September.
It can be seen, that the highest τ500nm values are gener-
ally observed in spring and decreasing values in the other
months with the lowest τ500nm in autumn. The same be-
havior is found for the standard deviation of τ500nm, so ob-
viously the spring atmosphere is more variable in advec-
tion efficiency. For trajectories coming from north (group 2
Beaufort Sea and group 1 East Arctic/Siberia) in spring
the τ500nm reaches maximum mean values of 0.13±0.03
and 0.11±0.03, respectively. This is followed by groups 6
and 4 (Central Arctic, Northeast Canada) with 0.1±0.04
and 0.1±0.02, respectively. Lowest τ500nm in spring are ob-
served in groups 5 and 8 (Europe/ Greenland) with values
of 0.06±0.01 and 0.06±0.02, respectively. These groups also
contain the lowest number of hourly means (4,7). In sum-
mer and autumn the number of allocated trajectories and
hourly means drops in almost all groups due to a more insta-
ble weather situation. Remarkable for the latter two seasons
is the low AOD and the marginal differences in the mean
values. A clear relationship between the A˚ngstro¨m coeffi-
cient α and the trajectory groups can not be seen. Values of
α around 1.4 are typical, indicating overall small particles.
In some groups α increases with the season (from spring to
autumn - 5, 7, 8) while in other groups it is nearly constant
over the year (1, 2, 3, 4, 6) which indicates more homoge-
neous particle diameters. The largest values of the A˚ngstro¨m
coefficient have been found for the summer value of cluster
5 as well as the fall values for clusters 7 and 8. Overall the
A˚ngstro¨m coefficient does not depend on the time during
that a trajectory was influenced by open water. Also the de-
crease of particle size in Ny-A˚lesund in summer, which was
derived from in situ measurements at the Zeppelin station
Stro¨m et al. (2003) is not as clear in our data (that contains
the whole atmospheric column). This correlates only roughly
with DMS production from the Arctic ocean. Hence, bio-
genic aerosol might be one important factor of the summer
and fall aerosol but it is not the only one. Also in α the large
standard deviation in spring can be seen. Hence, the aerosol
over Ny-A˚lesund is more variable in concentration and size
in spring and more uniform during the rest of the year. Nev-
ertheless Figure 7 displays a clear transition from the haze
season to summer conditions in May when the AOD drops
and the A˚ngstro¨m exponents increases. This transition is,
however, in the column integrated optical data not so pro-
nounced as it is in in-situ observations Tunved et al. (2012),
Stro¨m et al. (2003), which might indicate that the change
in aerosol properties is more evident in the boundary layer
than it is in the free troposphere.
4.2 Sodankyla¨
For Sodankyla¨ 116 out of 543 trajectories had for all
heights a clear affiliation to a unique cluster. Figure 4 and
Figure 5 visualize the results of the clustering for Sodankyla¨.
The clustered trajectories and their group membership are
shown in Figure 4. The allocation of τ500nm and α to the
trajectory groups in Figure 5 is again splitted into three
seasons:
spring (red) - March, April, May,
summer (green) - June, July, August,
autumn (blue) - September, October, November,
February.
In contrast to the results for Ny-A˚lesund the group means
for τ500nm in Sodankyla¨ are independent from the season and
always lower than 0.08. The highest τ500nm are observed for
group 6 (Northern Europe/Europe), 3 (Arctic/Siberia) and
1 (Atlantic/Northern Europe) with maximum mean AOD
values of 0.07±0.01 (group 6, spring), 0.07±0.03 (group 6,
summer), 0.05±0.03 (group 3, spring), 0.07±0.02 (group 1,
summer). It has to be remarked that the increased aerosol
load in Ny-A˚lesund in spring is completely absent in So-
dankyla¨. Even though Ny-A˚lesund is farther away from an-
thropogenic aerosol sources the springtime AOD is almost
twice as high over the Spitsbergen site compared to the
Fennoscandia site. Especially it is interesting to compare the
clusters 3 (Arctic) and 6 (northern European) for Sodankyla¨.
Cluster number 6 shows a slight increase in AOD (from 0.05
to 0.08) in spring and summer, this increase might be due to
local pollution, while cluster number 3, at conditions which
over Ny-A˚lesund would have led to increased AOD, does
show only clear conditions at all seasons. This means that
no Arctic Haze over Sodankyla¨ has been recorded although
the right wind conditions have been present. These results
compare well to a recent study from Aaltonen et al. (2012),
who found that Sodankyla¨ is generally a clear site in Fin-
land with only a few numbers of aerosol events which occur
mainly from eastern directions. This is also consistent to the
work of (Stohl, 2006) who also found a mean Arctic age of
air below 2 days for this site, meaning that Sodankyla¨ is
located south of the Polar-dome.
The allocated A˚ngstro¨m coefficients are in general
higher than 1.4 in spring and summer except for group 4 (At-
lantic/Canada) which shows significantly larger particles.
The standard deviation of this parameter is smaller than for
Spitsbergen indicating more uniform conditions with smaller
particles in average for Sodankyla¨.
4.3 NP-35
Although there is only a short time period of measure-
ments from NP-35 in spring 2008 available, a trajectory
analysis was performed in the same way as described for
Ny-A˚lesund and Sodankyla¨. 41 out of 72 trajectories could
be definitely affiliated to individual clusters. Figure 6 shows
the following results:
1. high AOD especially for trajectories from the Beaufort
sea (cluster 1),
2. lowest AOD for trajectories from Northeast Canada
(cluster 4) and
3. in general even higher AOD than in Ny-A˚lesund and
Sodankyla¨, in March 2008.
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The trajectory cluster 1 with its high AOD points to a re-
gion in North Canada for which Stohl (2006) calculated the
highest Arctic age of air.
5 Linking to atmospheric circulation pattern
In the previous section we have seen that no clear con-
nection between high AOD and air masses from inhabited
regions in terms of air backtrajectories has been found. On
the other hand, in Figure 7 and Figure 8 a clear seasonal
dependence of not only τ500nm but also α in Ny-A˚lesund
and Sodankyla¨ can be seen. Moreover, both stations obvi-
ously show different seasonal cycles. For these reasons we
pose in this section the question whether the Arctic AOD
might be driven by atmospheric circulation pattern of scales
in time and distance which are too large to be captured by
air backtrajectories.
5.1 North Atlantic Oscillation (NAO)
In the following we will concentrate on Ny-A˚lesund,
because here we have 14 years of data and the clear
annual cycle with a haze season in spring is obvious.
First a simple correlation to the NAO-Index was analysed.
(We used the NAO-Index from the webpage of J.Hurrell
http://www.cgd.ucar.edu/cas/jhurrell/indices.html .) The
NAO-Index DJFM (December, January, February, March)
describes the normed pressure ratio between the Icelandic
Low and the anticyclone over the Azores. A positive NAO-
Index stands for a strong pressure gradient and a meridional
air mass transport from Eurasia into the Arctic. A correla-
tion between NAO and aerosol transport into the Arctic was
found by Eckhardt et al. (2003). With the help of model sim-
ulated particle transport (FLEXPART, Stohl et al. (1998))
and measured concentrations of soot and carbon monox-
ide they determined for Ny-A˚lesund a correlation coefficient
of R2=0.41 for carbon monoxide in a positive NAO phase.
However, the correlation of monthly mean τ500nm and α in
Figure 9 does not show any relationship between the NAO
and the spring aerosol in Ny-A˚lesund for our data.
This remarkable discrepancy could, among other things,
be explained by the compensating effect of moisture and
aerosol. If during NAO+ the increased meridional flow trans-
ports also more humidity into the Arctic, the aerosol life-
time could be reduced such that no net effect on the AOD
is visible at remote sites. An accumulation of aerosol during
the whole winter period as was originally suggested by Shaw
(1983) would lead to a positive correlation between winter
NAO-Index and spring AOD for our 14 yr data set. This
idea is, however, not supported by our data. Eckhardt et al.
(2003) basically considered times shorter than 30 days.
5.2 Empirical orthogonal function (EOF) analysis
The EOF analysis was applied in the following way: To
quantify the connection between AOD and surface pressure
pattern the principle components from the EOF DJF (De-
cember, January, February) were averaged for each year and
correlated with the corresponding monthly mean τ500nm in
March and April. As the average of the PC gives the con-
tribution for the corresponding EOF a possible correlation
between winter-averaged PC and spring AOD shows during
which large scale circulation pattern the aerosol will occur.
However, table 2 shows only low correlation coefficients with
high confidence ranges. This implies again that there is no
accumulation effect for τ500nm detectable and that no single
pressure pattern in winter is responsible for aerosol occur-
rence in following spring. The EOF DJF are shown in Figure
10. It can be seen that the 1.EOF DJF is similar to the NAO
circulation pattern. Hence the EOF analysis and the NAO-
Index correlation show the same results.
As there is no winter accumulation apparent, we further
analysed a connection between the PCs of the found EOF of
the monthly surface pressure and the AOD in Ny-A˚lesund:
The results are given in Table 3 and Figure 10. Additionally,
a short time delay of up to 10 days between the EOF (sur-
face pressure) and the AOD is considered, to account for the
traveling time of air and pollutants. The largest correlations
are printed bold even if they are probably not significant.
March and April were chosen exemplary for the Haze season.
The only noticeable correlation was found for the first two
EOFs with less than 2 days time delay for March. The pos-
itive correlation coefficients indicate an airmass transport
from Central Arctic and Siberia. In contrast, the negative
correlation coefficients in the EOF No. 3 and 4 indicate an
airmass transport from Europe, but with a time delay. This
means, if there is airmass transport from Europe, the AOD
can rise four or five days later. However, this correlation is
hardly significant and less than for EOF No.1 and 2 (airmass
transport from the Arctic and Siberia).
For the month of April the correlations are only as large
as their uncertainty and in almost all EOF-AOD correlation
coefficients a strong time delay can be observed. Overall the
AOD at Ny-A˚lesund cannot be explained well by the dis-
tribution of surface pressure. Only for March small positive
correlations for air from the central Arctic (without time
delay) and for Europe (with time delay) have been found.
Apart from the EOFs based on surface pressure we also
analysed the correlation to AOD for the pressure levels of
850, 700 and 500 hPa and found very similar results (Stock,
2010). Hence the large scale circulation alone explains only
a small part of the aerosol events in Ny-A˚lesund.
6 Correlation to chemical composition
The measurements at Zeppelin Mountain station above
Ny-A˚lesund (474 masl), contain among others, analyses of
chemical trace gases and chemical speciation of particu-
late matter. These measurement are part of the Norwe-
gian national monitoring programme (Aas et al., 2012) and
are reported to the European Evaluation and Monitoring
Programme, EMEP (Tørseth et al., 2012) and are avail-
able from http://ebas.nilu.no/. We compared these mea-
surements with our AOD data set. First a correlation be-
tween the chemistry (daily data) and the corresponding
daily mean τ500nm and α is shown in Table 4. For the daily
mean AOD data only measurements were used when a tra-
jectory cluster could be assigned. In such a case in all three
heights the airmasses have the same origin and the column
value AOD can be compared to the chemical in-situ mea-
surements. It can be seen that the highest correlation ex-
ists for sulphate, significant negative correlations have been
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found for ammoniac and chloride ions, the latter only for
the A˚ngstro¨m exponent.
In a second step the correlation was analysed in detail
for the different trajectory clusters. For this case we only
used daily means in which the trajectory cluster did not
change within 24 hours, to exclude airmass changes. These
results are given in Table 5. Some clear variations between
the correlation of optical properties and in-situ concentra-
tion with trajectory cluster can be seen. For example, high
correlations to SO4 occur for the clusters 2, 3 and 7. Gener-
ally, the correlations for the main haze influenced clusters (1,
2) are quite different. Especially, no correlation between sul-
fate and AOD was found for cluster 1 (East Arctic / Siberia)
which indicates that the haze clusters 1 and 2 are different
in chemical composition, while similar in terms of AOD and
A˚ngstro¨m exponent. Sea salt components (Na, Mg, Cl) do
not contribute significantly to AOD according to our data.
NH4+ (marker for biomass burning (LeBel et al., 1991)) and
NO3− (marker for anthropogenic pollution (Teinila¨ et al.,
2003)) correlate to our measured AOD mainly for cluster
2 (Beaufort Sea) and to lesser extend for clusters 7 and 8
(local and North Atlantic).
7 Discussion
7.1 Trajectory analysis
Our data do not show a strong influence of direct trans-
port of aerosol from inhabited regions on AOD in the Arctic.
This conclusion can be drawn by two findings: 1. The AOD
for the most remote site (NP-35) is highest and the AOD
for the least remote site (Sodankyla¨) lowest. 2. The AOD in
Ny-A˚lesund is lower for air masses from Europe compared
to air masses from the central Arctic. For this latter reason-
ing, however, one must consider the possibility that during
direct transport from Europe into the Arctic (quick merid-
ional transport) the air cools and clouds will form. Thus,
analyzing weather-depending optical data can introduce a
selection effect: the majority of direct European pollution
events might have occurred under overcast conditions and
have, contrary to Eckhardt et al. (2003), not been recorded
here. However, our study clearly shows that air masses from
Europe do not necessarily mean observation of high AOD
in the Arctic. From observational point of view the possible
importance of precipitation to wash out accumulation mode
particles for Ny-A˚lesund has been found recently by Tunved
et al. (2012) using in-situ measurements. In this respect our
study is in better agreement to findings from Zeppelin sta-
tion. This indicates that any interpretation of aerosol events
by air backtrajectories has to include precipitation properly.
The generally low AOD values over Sodankyla¨ are re-
markable. Apparently the site is quite well isolated from
some important source regions as backtrajectories from cen-
tral Europe or the large Russian cities are infrequent in
our data. Only sporadic pollution were observed from Kola
Peninsula and forest or wild fires present in northwest Rus-
sia (Aaltonen et al., 2012). Moreover, surface temperature
raise well above 0°C in April already, so the air can take up
more humidity and the conditions might deviate from those
in the Arctic.
For Ny-A˚lesund, during summer and fall mean AOD
values of 0.05 (slightly decreasing with season) and
A˚ngstro¨m exponent around 1.4 have been found. Thus,
aerosol load seems to be very homogeneous in summer and
fall in terms of optical properties and, therefore, principally
easy to include into climate models. Only the climatologi-
cally more sensitive Haze season is heterogeneous in terms of
size and number concentration. These haze events typically
last for 12 hours and are related to air backtrajectories from
the central Arctic, the Beaufort Sea in the North West to
Siberia in the North East. Not even one aerosol event has
been found for air masses from Europe (or Greenland) in
our data set. The large standard deviation of the A˚ngstrom
exponent and the AOD during spring is further analysed
in Figure 11. It can be seen that no correlation exists be-
tween AOD and size of the particles. This Arctic Haze phe-
nomenon is not discernible in our data set from Sodankyla¨.
This station displays a constant low AOD with a little sea-
sonal variation. (Maxima in spring and late summer and a
minimum in autumn.)
7.2 Linking to atmospheric circulation
The increased AOD in Ny-A˚lesund in spring can hardly
be explained by the large scale circulation pattern (NAO-
Index, EOF). This finding is in contrast to theories (winter
accumulation by Shaw (1983)) and other observations (car-
bon monoxide by Eckhardt et al. (2003)). However, contrary
to trace gases aerosol can react and be modified between
emission and its arrival in the Arctic, namely by gas to par-
ticle conversion (new particle formation) and aerosol cloud
interactions (rain out, wash out). For this reason it is not
surprising that the effective pollution pathways into the Arc-
tic might be different for trace gases and chemically inert,
water insoluble aerosol on the one hand and (the majority)
of hygroscopic aerosol on the other hand.
Knowledge of detailed weather information in the cen-
tral Arctic, including moisture and precipitation is, hence,
urgently required for a better understanding of aerosol oc-
currences. In April, although still a month of the haze season
in Ny-A˚lesund, the correlation to EOFs drops further to the
level of insignificance. At the same time sunlight increases
which might accelerate as well photochemistry as wet scav-
enging.
7.3 Correlation to chemical composition
The positive correlation between τ500nm and SO
2−
4 in
Table 4 implies firstly, that the higher the AOD the higher
the sulfate concentration in the atmosphere and secondly,
that most of the optical active particles in our data set con-
tain sulfate. This is in agreement to numerous studies, for
example a chemical analysis of Hara et al. (2003), even if
their results were obtained for one of the few direct trans-
port events of Arctic haze in spring 2000 or Teinila¨ et al.
(2003) and references therein. Therefore we are confident
that our AOD data set represents the typical aerosol events
indeed. Overall, sea salt does not represent an important
aerosol constituent in our data set. The anti-correlation be-
tween CL− and the A˚ngstro¨m exponent means that large
particles contain more fresh sea salt, but their contribution
to the AOD is negligible. Sea salt aerosol has been found in
© 0000 Tellus, 000, 000–000
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the boundary layer of Ny-A˚lesund (Weinbruch et al., 2012)
but is according to our data not important for the atmo-
spheric column.
From this chemical analysis one can see a clear differ-
ence between the haze clusters 1 (East Arctic / Siberia) and
2 (Beaufort sea). Cluster 2 correlates well to the anthro-




3 ), but based on the
air trajectories the source region might be located in East
Asia, not in Europe (including European Russia). Cluster 1,
however, must be more diverse chemically as neither anthro-
pogenic, nor soil (K+, Mg+, Ca2+) nor sea salt components
alone correlate to the AOD.
NH3 is the most important base that neutralizes H2SO4
(Whitlow et al., 1994; Ku¨hnel et al., 2011). Hence, it disap-
pears quickly in acidic air and the anti-correlation between
ammonia and AOD means that the aerosol tends to arrive in
more acid conditions. However, our NH3 measurements are
more uncertain than the other components due to problems
with contamination of filters (Aas et al., 2012) and the fact
that the filter-pack method is biased when it comes to sep-
arating gaseous NH+4 and particulate NH
+
4 (EMEP, 1996).
Nevertheless an anti-correlation between NH3 and AOD can
be seen which is mainly found for the clusters 5 (Europe),
6 (Central Arctic) and 7 (Local Arctic), but only weak for
the high AOD clusters 1 (East Arctic) and 2 (Beaufort Sea).
Overall the correlation between AOD and chemical compo-
sition varies between the clusters.
8 Conclusion
The main conclusions of this work are:
The correlation between AOD and 5-day backtrajecto-
ries does not show a clear origin of the aerosol. This means
that the lifetime of aerosol is longer and/or the aerosol is
modified in the Arctic and appears in air masses which, due
to the growing insecurity of air backtrajectory calculation
at remote places, have unknown origin.
The correlation between the AOD and the general cir-
culation pattern is only weak. A dependence on the NAO
phase has not be seen. In this respect aerosol and trace
gases seem to be different. A facilitated meridional trans-
port into the Arctic (NAO+) does not increase the AOD
over Ny-A˚lesund.
Direct transport of air masses from Europe do not nec-
essarily mean increased AOD as if the European sources
were not essential. From the difference between our find-
ing and previous work (among others Eneroth et al. (2003))
we hypothesize that direct transport of polluted air masses
from Europe into the Arctic very frequently goes ahead
with cloud formation - and these cases cannot be seen
with our photometers. Moreover we hypothesize that in-
creased meridional transport during NAO+ carries not only
aerosol/precursor gases but also humidity into the Arctic
and that apparently increased wet scavenging occurs which
in turn washes out the originally higher aerosol load.
We found remarkable low AOD for Sodankyla¨ without
any haze event.
We found higher AOD for Ny-A˚lesund for air currents
from the Eastern or central Arctic.
From the comparison of clusters and sites with high or
low AOD one gets the impression that the AOD might better
be correlated with low temperatures of the air along their
path. This is an open task for future work.
The AOD over Ny-A˚lesund does correlate strongly with
sulfate. Chemically, only the haze from cluster 2 (Beaufort
Sea) contains anthropogenic markers. The high AOD cases
from clusters 1 (East Arctic / Siberia) and 6 (Central Arctic)
are chemically more diverse.
As the origin of the optically detectable aerosol could
not be found in a satisfying way in this work, two strategies
for further investigations are proposed:
Coordinated observations of aerosol/AOD at different
Arctic sites should be performed to determine the spatial
and temporal extend of aerosol events and see whether there
is a common Arctic reservoir for aerosol or precursors. Es-
pecially measurements in Siberia or above the Arctic ocean
are highly needed as these sites are closer to the sources of
aerosol seen in Ny-A˚lesund.
Aircraft campaigns for aerosol and cloud measurements
which follow pollution plumes into the Arctic at least for sev-
eral days are proposed to really monitor the pollution path-
ways and the possible role of cloud formation and aerosol
alteration.
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Figure 1. Position of Ny-A˚lesund, Sodankyla¨ and NP-35 in
March/April 2008.



































Figure 7. Monthly means of τ500nm and α in Ny-A˚lesund.
Table 1. Number and wavelength range of the interference filters
in the sun photometer types SP2H, SP1A and PFR.
Type SP2H SP1A PFR
channels 14 17 4
wavelengths 360–1050nm 350–1090nm 368–862nm































Figure 8. Monthly means of τ500nm and α in Sodankyla¨.
















Figure 11. Scatter plot of all hourly mean τ500nm and α mea-
sured in Ny-A˚lesund 1995–2008 and assigned to a trajectory clus-
ter.
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Figure 2. Cluster allocation of ensemble trajectories at all heights (850, 700 and 500 hPa) for Ny-A˚lesund 1995–2008.
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Figure 3. a) Mean values and standard deviation of τ500nm and α and b) number of hourly mean AOD in different trajectory groups
from Ny-A˚lesund 1995–2008. Seasonally separation: spring – red, summer – green, autumn – blue.
Table 2. Correlation coefficients and confidence range for the correlation between the principle components (PC) of the first five EOF
MSLP DJF and the monthly mean τ500nm of March and April in Ny-A˚lesund (1995–2008).
Month
R
1.EOF 2.EOF 3.EOF 4.EOF 5.EOF
March -0.08±0.56 -0.16±0.55 -0.12±0.56 -0.27±0.53 -0.14±0.55
April -0.08±0.59 -0.19±0.57 -0.05±0.59 -0.04±0.59 0.15±0.58


















 30 oW 














 120 oE 
































 30 oW 














 120 oE 
















Figure 4. Cluster allocation of ensemble trajectories at all heights (850, 700 and 500 hPa) for Sodankyla¨ 2004–2007.
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Figure 5. a) Mean values and standard deviation of τ500nm and α and b) number of hourly mean AOD in different trajectory groups
from Sodankyla¨ 2004–2007. Seasonally separation: spring – red, summer – green, autumn – blue.
Table 3. Correlation coefficients and confidence range for the correlation between the principle components (PC) of the first five EOF
MSLP March and April and the daily mean τ500nm of March and April in Ny-A˚lesund (1995–2008).
March April
R R
1.EOF 2.EOF 3.EOF 4.EOF 5.EOF 1.EOF 2.EOF 3.EOF 4.EOF 5.EOF
0 0.41±0.22 0.36±0.29 0.05±0.26 0.02±0.26 -0.11±0.26 -0.03±0.20 0.0±0.20 0.17±0.19 0.17±0.19 -0.02±0.20
1 0.37±0.22 0.32±0.23 0.03±0.26 0.08±0.26 -0.10±0.26 -0.03±0.20 0.02±0.20 0.19±0.19 0.15±0.19 0.02±0.20
2 0.27±0.24 0.30±0.23 -0.05±0.26 0.06±0.26 -0.10±0.25 -0.03±0.20 0.03±0.20 0.19±0.19 0.15±0.19 0.05±0.20
3 0.19±0.25 0.32±0.23 -0.16±0.25 -0.03±0.25 -0.05±0.25 -0.05±0.20 0.07±0.20 0.19±0.19 0.14±0.19 0.04±0.20
4 0.13±0.24 0.34±0.22 -0.24±0.23 -0.13±0.24 0.04±0.25 -0.10±0.19 0.14±0.19 0.16±0.19 0.09±0.20 0.01±0.20
5 0.11±0.24 0.32±0.22 -0.23±0.23 -0.20±0.24 0.13±0.24 -0.10±0.20 0.20±0.19 0.16±0.19 -0.04±0.20 -0.05±0.20
6 0.12±0.24 0.29±0.22 -0.16±0.23 -0.18±0.23 0.20±0.23 -0.04±0.20 0.25±0.18 0.11±0.19 -0.16±0.19 -0.08±0.20
7 0.11±0.23 0.25±0.22 -0.10±0.23 -0.08±0.23 0.25±0.22 -0.01±0.20 0.26±0.18 0.02±0.20 -0.23±0.19 -0.09±0.20
8 0.10±0.23 0.17±0.22 -0.06±0.23 0.02±0.23 0.22±0.22 0.07±0.20 0.19±0.19 -0.02±0.20 -0.23±0.19 -0.10±0.20
9 0.11±0.22 0.12±0.22 -0.04±0.22 0.07±0.22 0.11±0.22 0.15±0.19 0.15±0.19 -0.06±0.20 -0.19±0.19 -0.11±0.19
10 0.12±0.22 0.10±0.22 -0.02±0.22 0.09±0.22 0.05±0.22 0.17±0.19 0.18±0.19 -0.11±0.19 -0.15±0.19 -0.05±0.20
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Figure 6. a) Clustering of the ensemble trajectories at all heights (850, 700, 500 hPa) from NP-35 between 14 March and 7 April, 2008,
and b) hourly mean of τ500nm and α in the different trajectory groups and the group mean of τ500nm and α.
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y = 0.003x+0.085 ; R =0.170± 0.549
April
y = −0.001x+0.107 ; R =−0.047± 0.590
b)

















y = 0.012x+1.309 ; R =0.082± 0.562
April
y = 0.012x+1.287 ; R =0.134± 0.580
Figure 9. Correlation between NAO-Index and monthly mean AOD in March (blue) and April (red) for Ny-A˚lesund 1995–2008. Drawn
are the monthly mean standard deviation and the linear regression of a) τ500nm and b) α. The parameters of the regression, including
the correlation coefficient and their confidence range, are shown in the legend.
Table 4. Correlation coefficients and confidence range between the measured τ500nm / α in Ny-A˚lesund, which were assigned a trajectory





SO2−4 (s) 0.506±0.144 0.124±0.191 103 
1995 - 2008
NO−3 (s) 0.070±0.193 0.160±0.189 103
NH+4 (s) 0.185±0.186 0.148±0.188 105
Na+(s) 0.028±0.192 -0.055±0.192 105
Mg2+(s) -0.014±0.192 -0.238±0.181 105
Ca2+(s) -0.020±0.192 -0.075±0.191 105
K+(s) -0.051±0.192 -0.019±0.192 105
Cl−(s) 0.123±0.191 -0.272±0.180 103
SO2(g) 0.052±0.192 -0.024±0.192 105
NH3(g) -0.259±0.179 0.202±0.184 105




















 30 oW 













 120 oE 




























































 30 oW 













 120 oE 




























































 30 oW 













 120 oE 




























































 30 oW 













 120 oE 




























































 30 oW 













 120 oE 





























































 30 oW 













 120 oE 


























































 30 oW 













 120 oE 


























































 30 oW 













 120 oE 


























































 30 oW 













 120 oE 


























































 30 oW 













 120 oE 



























































 30 oW 













 120 oE 


























































 30 oW 













 120 oE 


























































 30 oW 













 120 oE 


























































 30 oW 













 120 oE 


























































 30 oW 













 120 oE 

























































 30 oW 













 120 oE 


























































 30 oW 













 120 oE 
























































 30 oW 













 120 oE 

























































 30 oW 













 120 oE 

























































 30 oW 













 120 oE 









































Figure 10. First five EOF of mean sea level pressure of three periods: left-December, January and February (1995–2008), middle-March
(1995–2008), right-April(1995–2008) and their variance in %. The white star marks the position of Ny-A˚lesund, respectively Spitsbergen.
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WHERE DOES THE OPTICALLY DETECTABLE AEROSOL IN THE EUROPEAN ARCTIC COME FROM? 15
Table 5. Correlation coefficients and confidence range between the measured τ500nm in Ny-A˚lesund, which were assigned to a unique
trajectory cluster, and the measured concentration of different atmospheric chemical components at Zeppelin. (g = gas, s = solid).
Matter
R(τ500nm)
1 2 3 4 5 6 7 8
SO2−4 (s) 0.174±0.436 0.765±0.218 0.761±0.291 0.180±1.095 0.421±0.570 0.379±0.407 0.573±0.329 0.460±0.631
NO−3 (s) 0.040±0.449 0.567±0.355 0.013±0.693 -0.154±1.105 -0.345±0.611 0.161±0.463 -0.005±0.490 0.049±0.798
NH+4 (s) 0.049±0.449 0.743±0.235 0.311±0.626 0.382±0.837 0.237±0.654 -0.008±0.475 0.694±0.254 0.601±0.511
Na+(s) -0.076±0.447 0.035±0.523 0.104±0.686 0.016±0.980 -0.367±0.600 -0.373±0.409 0.264±0.456 -0.227±0.759
Mg2+(s) -0.187±0.434 -0.088±0.520 0.134±0.681 -0.165±0.953 -0.167±0.674 -0.213±0.454 0.422±0.403 0.050±0.798
Ca2+(s) -0.139±0.441 0.096±0.519 -0.047±0.691 -0.263±0.912 0.021±0.693 0.053±0.474 0.110±0.484 0.014±0.800
K+(s) 0.045±0.449 -0.179±0.507 0.265±0.644 -0.033±0.979 -0.391±0.587 -0.220±0.452 0.073±0.487 -0.726±0.378
Cl−(s) -0.068±0.448 -0.035±0.523 0.020±0.693 0.171±1.099 -0.194±0.667 0.060±0.474 0.300±0.446 0.033±0.799
SO2(g) 0.201±0.432 -0.149±0.512 0.002±0.693 0.116±0.967 0.066±0.690 -0.103±0.470 -0.166±0.477 0.139±0.785
NH3(g) -0.049±0.449 -0.224±0.498 -0.197±0.666 -0.054±0.977 -0.471±0.539 -0.462±0.374 -0.492±0.372 -0.285±0.735
number of 20 15 9 5 9 18 17 7
daily means
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